RNA binding proteins (RBPs) can regulate the stability, localization, and translation of their target mRNAs. Among them, Puf3p is a well-known Pumilio family RBP whose biology has been intensively studied. Nevertheless, the impact of Puf3p on the translational regulation of its downstream genes still remains to be investigated at the genome-wide level. In this study, we combined ribosome profiling and RNA-Seq in budding yeast (Saccharomyces cerevisiae) to investigate Puf3p's functions in translational regulation. Comparison of translational efficiency (TE) between wild-type and puf3Δ strains demonstrates extensive translational modulation in the absence of Puf3p (over 27% genes are affected at the genome level). Besides confirming its known role in regulating mitochondrial metabolism, our data demonstrate that Puf3p serves as a key post-transcriptional regulator of downstream RBPs by regulating their translational efficiencies, indicating a network of interactions among RBPs at the post-transcriptional level. Furthermore, Puf3p switches the balance of translational flux between mitochondrial and cytosolic ribosome biogenesis to adapt to changes in cellular metabolism. In summary, our results indicate that TE can be utilized as an informative index to interrogate the mechanism underlying RBP functions, and provide novel insights into Puf3p's mode-of-action.
Introduction
The concept of RNA regulons was proposed to specifically describe the observation that mRNA-binding proteins (RBPs) usually bind and orchestrate the fate of target mRNAs encoding functionally related proteins (Keene 2007) . It is increasingly clear that RNA regulons play an important role in determining the stability, subcellular localization, and translation of their targets, and thus are essential for phenotypic outcomes and even disease states in various organisms including humans (Blackinton and Keene 2014; Imig et al. 2012Celik et al. 2017 Defenouillère and Fromont-Racine 2017; Evans and Ling 2017) . The Pumilio family of proteins are a group of RBPs that are structurally conserved but functionally divergent from yeast to mammals (Wickens et al. 2002; Zhang et al. 1997; Wang et al. 2002; Kennedy et al. 1997) . One of the most wellstudied examples, Puf3p, specifically recognizes and binds a group of mRNA transcripts with the characteristic motif "CHTGT AWA TA" in their 3′ untranslated region (3′UTR) (Olivas and Parker 2000; Gerber et al. 2004 ). Puf3p has been extensively studied for its unique function as a critical Communicated by M. Kupiec.
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post-transcriptional regulator for maintaining efficient intracellular energy production via respiration, especially in conditions where only non-fermentative carbon sources exist (Miller et al. 2014; Lee and Tu 2015; Eliyahu et al. 2010) .
Several biochemical approaches have been employed to study Puf3p's mechanism of action as an RBP. For example, in yeast, Puf3p interacts with the 3′ UTR of COX17 and results in rapid deadenylation of the mRNA molecule, subsequently increasing the COX17 decay rate (Jackson et al. 2004; Houshmandi and Olivas 2005; Lee et al. 2010; Miller et al. 2014) . Above mode-of-action involves the recruitment of the Ccr4p-Pop2p-Notp deadenylation complex to COX17 mRNA by direct interaction of Puf3p with Ccr4p (Lee et al. 2010) . Others have also shown that the interaction between Puf3p and its target mRNAs can aid in trafficking of selected mRNAs to the surface of the mitochondrion for translating mitochondrial proteins (Eliyahu et al. 2010; Gadir et al. 2011) . Most recently, it was reported that Puf3p's activity could be regulated by phosphorylation during glucose depletion (Lee and Tu 2015) . As a means to promote energy efficiency, Puf3p binds specifically to the 3′UTR of nuclearencoded mitochondrial genes required for respiration and causes these transcripts to be compartmentalized around the Electron Transfer Chain (ETC). Above findings thus suggest the key functional roles of Puf3p at the post-transcriptional level. Puf3p was also used as the first example to investigate the evolution of an RBP gene regulatory network (Jiang et al. 2010 (Jiang et al. , 2014 .
Much has been learned about the function of RBPs from genetic approaches, phenotypic studies, RBP immunoprecipitation microarrays, and evolutionary analyses (Gerber et al. 2004; Imig et al. 2012; Mittal et al. 2011; Scherrer et al. 2010; Riordan et al. 2011) . Given that RBPs are involved in post-transcriptional regulation, an improved understanding of how RBPs affect translation at the genome level will lead to a better understanding of their functional roles in biology. Ribosome profiling (Ribo-Seq) is a powerful tool which can provide the most direct readout of the intracellular translation state of a transcript, including information on the location of translation start/stop sites, ribosome distribution pattern, and the moving rate of the translating ribosome (Ingolia et al. 2009 (Ingolia et al. , 2013 Morris 2009 ). Previous studies using ribosomal profiling have suggested that translational efficiency (TE) is an informative index to evaluate whole genome translational activity (Pop et al. 2014; Brar et al. 2012 ). In the case of Puf3p, this index becomes especially valuable when adapted to analyze specific genes that are targets of Puf3p translational regulation.
Here, we combined Ribo-Seq and RNA-Seq approaches to systematically examine the biological function of S. cerevisiae Puf3p in regulating mRNA abundance and translation activity when growing on non-fermentative carbon sources. Our results indicate that Puf3p is a key regulator of a post-transcriptional network of RBPs. Furthermore, our observations suggest that Puf3p plays an important role in regulating the TE of key metabolic enzymes in central carbon metabolism. We also found that the absence of Puf3p decreased the TE of a subset of genes encoding mitochondrial ribosome subunits, but surprisingly up-regulated TE of cytosolic ribosome subunits, an observation offering new insights into the mode-of-action of Puf3p as a molecular switch to regulate the translational flux balance between mitochondrial and cytosolic ribosome biogenesis. Meanwhile, our results revealed an increased probability of protein-protein interaction among Puf3p's targets, suggesting that Puf3p may synchronize the TE of its targets to aid in the formation of specific protein complexes. In conclusion, our survey of Puf3p's mode-of-action using ribosomal profiling demonstrates its essential functional role in regulating cellular energy homeostasis at the translational level.
Results

Puf3p regulates global translation of genes at the genome-wide level
Earlier studies have reported specific biological functions of Puf3p under various nutrient conditions (Miller et al. 2014; Gupta et al. 2014; Rowe et al. 2014) . In addition, the genetic knockout of S. cerevisiae Puf3p leads to a dramatic growth inhibition when yeasts are cultured under respiratory conditions utilizing ethanol as sole carbon source (Jiang et al. 2010; Lee and Tu 2015) . To further understand the role of Puf3p in the modulation of cellular respiration, we adopted Ribo-Seq and RNA-Seq approaches to investigate how gene transcription and translation are regulated by Puf3p in S. cerevisiae grown under non-fermentative growth conditions (Yeast Extract-Peptone-Ethanol-Glycerol medium, abbreviated as YPEG) where the growth is delayed for the Puf3 mutants ( Supplementary Fig. 1 ). The overall experimental workflow and statistical analyses are shown in Fig. 1 , and duplicate biological samples were collected for both RiboSeq and RNA-SEq. Our results revealed high correlation between biological replicates (Pearson correlation: ~ 0.98 for Ribo-Seq and ~ 0.99 for RNA-Seq in wild-type samples; ~ 0.99 and ~ 0.99, respectively, in puf3Δ samples), and robustness of the Ribo-Seq dataset: reads were peaked between 27-29nt, a size close to the length of RNA footprint in yeast (~ 28nt in yeast), and typical characteristics of RiboSeq reads were observed in our data (Ingolia et al. 2009 ) (Supplementary Figs. 2, 3 and 4) .
To identify specific genes with differential RNA abundance and translational activities that are dependent on Puf3p's mode-of-action, we compared mRNA and Ribosome Footprinting (RFP) abundances between wild-type and puf3Δ strain utilizing a negative binomial model-based method introduced by Anders and Huber (Anders and Huber 2010) . We applied the criteria of adjusted p-value (Benjamini-Hochberg method) ≤ 0.05 and |log 2 (fold change)| ≥ 1.0 to the data. A total of 1109 out of 6575 genes analyzed (~ 17%) showed significant RNA abundance variation between wild-type and puf3Δ strains grown in YPEG, of which 620 genes were up-regulated, and 489 genes were down-regulated (Table 1) . Using the same criteria, we found that 496 genes showed significant RFP changes, of which 446 genes were up-regulated, but only 50 genes were down-regulated. When Translation Efficiency (TE) was used as an index to quantify the efficiency of translational machinery, the TE for 1785 genes (increased for 1007 genes, decreased for 778 genes) was significantly altered in the absence of Puf3p. The detailed fold changes and statistical analyses for individual genes regarding RNA abundance, RFP abundance, and TE can be found in Supplementary  Tables 1 and 2 . We also compared the transcription/translation profiles of wild-type yeast in YPEG medium and in YPD medium ( Supplementary Fig. 5 ). Among the genes with TE changes, the Puf3p's target, such as COX17, shows a relatively higher TE in YPEG medium, consistent to its essential role in respiration, as a copper metallochaperone involved in cytochrome c oxidase function.
We compared our data with several previous published studies of Puf3p. In an earlier study, Kershaw et al. reported that Puf3p only impacted dozens of genes at mRNA level although it has about 1000 binding targets (Kershaw et al. 2015) . As shown in Supplementary Fig. 6 RIP-Chip, RIP-Seq, and PAR-CLIP, respectively) (Gerber et al. 2004; Kershaw et al. 2015; Freeberg et al. 2013) . As shown in Supplementary Fig. 7 interestingly, all of these three sets of Puf3p's binding target lists show very similar overlapped ratios with our changed TE gene list: Gerber data is 28.6%, Kershaw data is 27.9%, and Freeberg data is 30.2%. This result supports a good reproducibility among three different genomic assays for capturing RNA-Protein interaction. The result also shows that the majority of Puf3p's binding list (about 70%) is not affected at the translational level, which may be more related to mRNA stability controlling, mRNA localization or other unknown molecular functions of Puf3p. Supplementary Fig. 8 and Supplementary Table 3 show the overlaps and their ΔTEs of the reported Puf3p binding targets. Finally, we analyzed the abundances of COX17 and other known Puf3p targets in our dataset. As shown in Supplementary Fig. 9 , we found that most of the Puf3p targets have the increased mRNA abundances but decreased TE values in puf3∆ strain (except MRS1). Although the mechanism of Puf3p's divergent impact on mRNA stability and mRNA translation is still unclear, we guess that other factors, such as some Puf3p's protein interactor(s), as well as the phosphorylation event of Puf3p, may take part in the elegant controlling Puf3p's functional role.
Puf3p is a key regulator of a post-transcriptional network of RBPs
Genes with increased TEs could not be grouped into any enriched functional category based on the GO-term analysis (p value ≤ 1E−2; Table 2 ) using software GO Term Finder. However, genes with decreased TEs were associated with several specific functional roles. Above pathway enrichment pattern was also confirmed when we used the TE changed Puf3p's binding targets as an input (Supplementary Tables 4,  5 and 6). The results are also largely overlapped by the readout from the analysis using another software Genecodis (Supplementary Table 7 ). Among them, interestingly, the most significant category is for genes with mRNA binding activity (GO: 0003729). As shown in Table 2 , there are 65 RBPs that are affected by Puf3p at the translational level, compared to a total of 172 mRNA binding protein genes annotated in the GO analysis, and this enrichment is highly significant (P value = 2.51E−18). This observation motivated us to build a relation tree based on these RBPs' functions. As shown in Fig. 2 , these genes participate in diverse processes related to mRNA fates, including mRNA splicing, mRNA decay, mRNA localization and mRNA translation. We analyzed the 3′UTR (defined as up to 500 bp downstream from the stop codon) for canonical Puf3p binding sites (P3E). Among the 65 RBP genes, 17 RBPs have at least one P3E in their 3′UTR, indicating that they may be direct targets of Puf3p in our experimental conditions. Significantly, earlier experiments that identified Puf3p targets were performed using glucose as carbon source, which may not have shown Puf3p's major functional roles in cellular respiration. It is also worth noting that the 3′UTR of PUF3 also contains a P3E, suggesting that Puf3p might be self-regulated as part of a feedback loop mechanism. Another noteworthy hit is SLF1, which as reported links to mitochondrial translation and oxidative phosphorylation(Chatenay-Lapointe and Shadel 2011). In together, these results demonstrate that Puf3p could serve as a post-transcriptional master regulator affecting the TE of other RBPs, and hundreds of their downstream targets.
Puf3p plays an important role in regulating intracellular energy homeostasis
Yeast cells utilize the evolutionary conserved central carbon metabolism (CCM) modules, including glycolysis and the tricarboxylic acid (TCA) cycle, to break down different carbon sources from the environment. To further explore the mechanism of Puf3p in mitochondrial function, we supplied glycerol and ethanol as carbon sources in liquid medium. Puf3p shows extensive regulation of CCM at the TE level, demonstrated by the overall regulatory patterns of Puf3p on central carbon metabolism (Fig. 3) . First, we found that almost all of the key enzymes in glycolysis and pentose phosphate pathway show down-regulated TEs in puf3Δ strain. For example, in glycolysis/glucogenesis pathway, the relative TE are 37.4% for GLK1 (Glucokinase), 39.8% for PGI1 (Phosphoglucose Isomerase), 39.1% for FBA1 (Fructose 1,6-Biphosphate Aldolase), 36.6% for GLD1 (Glyceraldehyde-3-Phosphate Dehydrogenase), 25.9% for PGK1 (3-Phosphoglycerate Kinase), 36.9% for ENO1 (Enolase), and 29.9% for PYK1 (Pyruvate Kinase). In pentose phosphate pathway we also observed a similar regulatory pattern in ZWF1 (Glucose-6-Phosphate Dehydrogenase), TKL2 (Transketolase) and NQM1 (Transaldolase). We next found that the TEs of ADH1 (Alcohol Dehydrogenase) and ACS1 (Acetyl-CoA Synthetase) were down-regulated, indicating that metabolic activity from ethanol to Acetyl-CoA is reduced in puf3Δ strain. It is well known that Acetyl-CoA directly reacts with oxaloacetic acid to generate citrate (Lian et al. 2014) , which suggests that reduced biosynthesis of Acetyl-CoA in the puf3Δ strain could limit the metabolic flux entering the TCA cycle. This is consistent with the observation that all catalytic enzymes involved in the TCA cycle are significantly down-regulated as measured by TE (in puf3Δ, the relative TEs are 16.8% for ACO1 (Aconitate Hydratase), 29.0% for IDH1 (Isocitrate Dehydrogenase), Fig. 3 The regulatory roles of Puf3p in central carbon metabolism. The metabolic structure was drawn based on KEGG (http://www. genom e.jp/kegg/). In the labels for each detected enzyme, "R" refers to the relative change from RNA-Seq data, "P" refers to the relative change from Ribo-Seq, and "T" refers to the relative change in TE. Yellow in the heatmap denotes up-regulation, while blue represents down-regulation. For the metabolites (red fonts), the abbreviations represent: Glucose-6-P (Glucose 6-phosphate), Gluconate-6-P (Gluconate 6-phosphate), Ribose-5-P (Ribose 5-phosphate), Sedoheptu- ) ). In addition, Puf3p plays a role in the regulation of a specific group of amino acids. For example, SER2 (Phosphoserine Phosphatase) catalyzes the conversion of 3-phosphoserine to L-serine, a key step in serine biosynthesis which is upregulated after Puf3p depletion. The absence of Puf3p also increases the TE of AAT1 (Aspartate Aminotransferase) which is responsible for catalyzing the interconversion of aspartate and α-ketoglutarate to oxaloacetate and glutamate. However, the regulation of a subset of key enzymes responsible for other amino acids in the TCA cycle, such as GLT1 (Glutamate Synthetase), GLN1 (Glutamine Synthetase) and ALT1 (Alanine Transaminase), is likely independent of Puf3p's mode-of-action.
Log2 value
Functional enrichment analysis of the puf3Δ strain revealed that genes with decreased TEs were also significantly associated with oxidoreductase activity (GO: 0016491, P value = 5.20E−12) ( Table 2) . Genes with oxidoreductase activity are responsible for the catalysis of oxidation-reduction reactions, and the translation levels of these genes have been shown to determine the real-time redox status of living cells rapidly. Interestingly, five genes with isocitrate dehydrogenase activity were also significantly down-regulated (GO: 0004448, P value = 7.24E−3). These enzymes, such as IDH1 and IDH2, are in charge of the catalysis of isocitrate to 2-oxoglutarate in the TCA cycle (Parker and Metallo 2015) , which also implies that the function of Puf3p is important to maintain cellular energy homeostasis for oxidation-reduction balance.
Puf3 shifts mitochondrial and cytosolic ribosome biogenesis during metabolic adaptation
The regulation of translational machinery can cause global changes in TE. In eukaryotes, such as the budding yeast, the genome encodes two sets of regulatory systems to orchestrate assembly of cytosolic and mitochondrial ribosomes, respectively (Herrmann et al. 2013; Couvillion et al. 2016) (Fig. 4a) . Many factors contribute to the activity of translation machinery, such as cellular energy status (intracellular ATP and GTP pool sizes) (Voorhees and Ramakrishnan 2013) , substrate availability (such as tRNAs and amino acid pools) (Vambutas et al. 1991) , as well as proteins that assist in translation initiation, elongation, and termination. As expected, our results demonstrate that in the puf3Δ strain, the TEs of mitochondrial ribosome large subunits (MLS) and small subunits (MSS) are both down-regulated, indicating that Puf3p is important for the cellular respiratory process (Fig. 4b, c) . However, to our great surprise, the TEs of both cytosolic ribosome large subunits (CLS) and small subunits (CSS) are up-regulated in the puf3Δ strain (Fig. 4b,  c) , comparing to the results of MLS, MSS and the all gene list (Supplementary Fig. 10 ). This result is very interesting: in negative sample groups (WT and puf4Δ strains, in YPD medium), above patterns are totally absent (Fig. 4d, e) . It is well known that yeast slowdown in growth and, therefore, down-regulate the biogenesis of cytosolic ribosome, in respiratory growth conditions. It is interesting to observe that Puf3p can regulate this key process, indicating that Puf3p can function as a switch to down-regulate cytosolic ribosome biogenesis but enhance mitochondrial ribosome biogenesis during oxidative growth, and improve respirationdependent energy processes during metabolic adaptation.
Discussion
From a biochemical perspective, Crabtree-positive yeasts, such as S. cerevisiae, predominantly rely on the rapid turnover of the glycolytic pathway, rather than respiration, when enough glucose is available (Diaz-Ruiz et al. 2011; Pfeiffer and Morley 2014; Hagman and Piškur 2015) . However, alternative metabolic programs are also encoded in their genomes, to enable adaptation to fluctuations in nature, during which only non-fermentative carbon sources such as ethanol exist. From a metabolic perspective, ethanol is first converted to Acetyl-CoA, which then fuels the TCA cycle and electron transport chain under such conditions. In eukaryotic cells, this critical metabolic switch takes place in the mitochondria and requires functional synchronization among hundreds of genes. Investigating the molecular mechanisms underlying this metabolic program is essential for understanding the regulation of mitochondrial functions.
Recent evidence highlights the breadth, significance, and complexity of RBP-mediated post-transcriptional gene regulatory networks (Mittal et al. 2011) . Among them, one Pumilio protein, Puf3p (homolog of mammalian PUM), is one of the most well-characterized RBPs due to its unique role in cellular respiration, a critical process for bioenergetic production and maintenance of energy homeostasis. It has been reported that over 87% of Puf3p mRNA targets were assigned to mitochondrial function by GO annotation (Gerber et al. 2004 ). Many of these mitochondria-associated mRNA targets encode components of the large and small mitochondrial ribosome subunits, which suggests a strong connection between Puf3p and mitochondrial protein biosynthesis. In this study, we combined Ribo-Seq and RNA-Seq with the goal of describing the landscape of Puf3p function in respiratory growth conditions. Considering that Puf3p could differentially regulate mRNA abundance and translation activity, we adapted a parameter termed Translation Efficiency (TE) to define the efficiency of a transcript generating an encoded protein. Our results demonstrated that a surprisingly large fraction of genes (> 27% of overall genes) were regulated at the level of translation. An interesting observation is, most of these Puf3p translational regulated genes do not have Puf3p binding motif, thus they could be modulated indirectly by Puf3p. As we have shown in this study, Puf3p actually is a key regulator of a post-transcriptional network including at least 65 RBPs. Therefore, Puf3p may rely on this Fig. 4 Puf3p switches the balance between mitochondrial and cytosolic ribosome biogenesis. a A schematic diagram indicating the two sets of ribosome machinery in eukaryotes. b A comparison of TE changes for mitochondrial ribosome large subunits (MLS) and cytosolic ribosome large subunits (CLS), in puf3Δ yeast (YPEG medium). c A comparison of TE changes for mitochondrial ribosome small subunits (MSS) and cytosolic ribosome small subunits (CSS), in puf3Δ yeast (YPEG medium). d A comparison of TE changes for mitochondrial ribosome large subunits (MLS) and cytosolic ribosome large subunits (CLS), in puf4Δ yeast (YPD medium). e A comparison of TE changes for mitochondrial ribosome small subunits (MSS) and cytosolic ribosome small subunits (CSS), in puf4Δ yeast (YPD medium) hierarchical structrue to impose its effect on over 1000 target genes in yeast genome.
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We observed a significant impact of Puf3p on the translational efficiency of enzymes involved in central carbon metabolism. It is well known that the TCA cycle is tightly linked to glycolysis (the fermentation process) (Gopalakrishnan and Maranas 2015) . Many of the key enzymes are positively regulated at the translational level by Puf3p. Since most of these enzymes were not identified as Puf3p binding targets from previous RIP-ChIP experiments (Gerber et al. 2004) , these newly identified genes could be direct Puf3p targets in the respiratory conditions we used in this study or maybe under indirect regulation. The result is interesting since the glycolysis pathway normally has already beendown-regulated in transcription level under non-fermentative condition. However, why their TEs are also needed be next tightly controlled by Puf3p? One of the explanations could be, under the low nutrient condition cell has to accurately lead all of possible metabolic fluxes into the more efficient TCA cycle (generate 36 ATP molecules) and avoid the possible waste in glycolysis (only generate 2 ATP molecules).Therefore, Puf3p enables reprogramming of the metabolic circuitry between fermentation and respiration. Interestingly, consistent with this, Puf3p can also leverage the balance between rates of mitochondrial and cytosolic ribosome protein synthesis. This novel connection indicates that Puf3p can act as a critical molecular switch that regulates flux between mitochondrial and cytosolic ribosome biogenesis to enable organismal adaption to metabolic environments. It will be interesting to investigate further the molecular mechanisms underlying this regulation.
Previous studies show that genes with similar patterns of co-expression exhibit greater probability to interact at the protein level suggests that functional pathways are likely connected through Protein-Protein Interactions (PPIs) (Grigoriev 2001; Jansen et al. 2002) . However, these reported researchers mostly depended on Microarray or RNA-Seq data for the calculation of co-expression patterns (Grigoriev 2001; Jansen et al. 2002; Yu et al. 2013) . In this study, we decided to test the possible correlation between coordinated TE with the extent of PPIs. Based on previous RIP-ChIP experiments (Gerber et al. 2004) , we analyzed the TE of 220 direct Puf3p binding targets. Among them, the TEs of 114 target genes (with adjusted P value ≤ 0.05) are positively regulated, whereas 27 target genes (with adjusted P value ≤ 0.05) are negatively regulated by Puf3p. These genes were selected to conduct PPI analysis using the STRING 10.0 software. When we set the confidence score ≥ 0.4 as the threshold, the target genes positively regulated by Puf3p at the TE level (Supplementary Fig. 11A ) appear to form many more PPIs than the null expectation (totally 1221 times, a 6.4-fold increase, the PPI enrichment P value = 2.2E−16, Fig. 5a ). Although there are only 27 target genes whose TE are negatively regulated by Puf3p ( Supplementary Fig. 11B ), these genes also have more PPI than expected (totally 14 times, a sevenfold increase, the PPI enrichment P value = 3.5E−7, Fig. 5b ). Therefore, Puf3p might have the ability to coordinate TEs for a specific group of genes that tend to form protein complexes for biological functions.
In summary, Puf3p is an important regulator of translational regulation when yeast cells undergo cellular respiration in the presence of non-fermentative nutrient sources. Partially through a network of RBP regulation, Puf3p promotes the translation of respiration-related genes and also switches the balance between mitochondrial and cytosolic ribosome biogenesis fluxes to achieve metabolic adaptation. Our investigation of Puf3p, by quantifying whole-genome transcription and translation, provides The Protein-Protein Interaction (PPI) analysis was conducted using the online software STRING 10.0 (http://strin gdb.org/). The database was searched using the protein names for the two groups of Puf3p targets. The search was performed using confidence score ≥ 0.4 as the threshold. a The number of observed and expected edges in the constructed PPI network for the above 114 target genes. b The number of observed and expected edges in the constructed PPI network for the above 27 target genes novel insights for understanding Puf3p's functional roles in maintaining cellular energy homeostasis.
Materials and methods
Yeast strains and growth condition
S. cerevisiae strains BY4741 (MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 ) and the single gene knockout strain puf3Δ in a BY4741 background were used in this study. To investigate the biological function of PUF protein, puf3Δ and wild-type strains were cultured in YPEG and YPD liquid medium (containing 2% Glycerol and 3% Ethanol) at 30 °C and 200 rpm.
Ribo-Seq and RNA-Seq
The yeast Ribo-Seq and RNA-Seq protocols were adapted from previously published methods (Wang et al. 2015; Sun et al. 2016) . BY4741 wild-type and puf3Δ strains were first grown in YPD liquid medium to saturation, then both strains were transferred to YPEG or YPD medium with initial OD 600 = 0.1, and harvested when OD 600 reached 0.6 ~ 0.8. Cells were immediately treated with cycloheximide (CHX, to a final concentration at 100 µg/ml) for 2 min to inhibit the cytosolic translation. Cell pellets were then divided into two parts. RNA was extracted from one part by hot phenol method (Zhong et al. 2011 ) and RNA was subsequently used for RNA-SEq. Two biological replicates were conducted for each sample.
The other part was used for Ribo-seq analysis using a previously published protocol (Ingolia et al. 2009 ). In brief, the cell pellet was treated with 2.5 ml polysome lysis buffer [20 mM Tris-Cl (pH 8.0), 140 mM KCl, 1.5 mM MgCl 2 , 100 µg/ml CHX, 1% (v/v) Triton X-100] and ground in a mortar with liquid nitrogen. After thawing the cell powder at 30 °C for 2 min, the cell pellet was centrifuged at 3,000×g at 4 °C for 5 min to remove cell debris. The supernatant was cleared by another centrifugation step at 20,000×g at 4 °C for 10 min. The cell extract was diluted to A 260 = 200 with polysome lysis buffer.
To obtain the monosome fraction, 7.5 µl RNase I (Ambion, AM2294) was added to 250 µl cell extract for 1 h's reaction at 25 °C, which was then stopped by applying 5 µl SUPERase.In (Ambion, AM2694). Afterwards, the 80S monosome fraction was collected from the cell extract using sucrose density gradients (centrifuged at 35,000 rpm at 4 °C for 3 h). The standard SDS/phenol method was utilized to purify the footprint fragments, and then the protected RNA fragments were dephosphorylated at their 3′ ends by the T4 polynucleotide kinase. Polyacrylamide denaturing gel purification was conducted to purify the mRNA footprint fragments. The region near the 28 nt marker was excised. RNA was recovered from the gel slice and quantified by BioAnalyzer (Agilent). A poly-A tail was added to each RNA fragment by E. coli poly-A polymerase (NEB, M0276S), and then reverse transcription was conducted with primers that are linked to unique barcodes. 10% denaturing polyacrylamide gel was used to purify the reverse transcription products, the range between 90 and 130 nucleotides was excised and cDNA fragments were recovered.
To construct the sequencing library, CircLigase (Epicentre Biotechnologies CL4111K) was added to the gel extraction products and the mixtures were incubated at 60 °C for 1 h, and then heated at 80 °C for 10 min to inactivate the reaction. Afterwards, the circularized DNA was used as the template for amplification by Phusion polymerase for 12 cycles, and 8% non-denaturing polyacrylamide gel was utilized to purify the PCR products. The PCR products at about 120 bp were eventually recovered from the excised gel slice, and quantified by BioAnalyzer (Agilent, 2100). Finally, the Illumina Hiseq2000 platform (50 bp, single-end) was adapted to perform the deep sequencing. Two biological replicates were conducted for each sample.
Read mapping and transcription/translation quantification
Read mapping and transcription/translation quantification generally followed previously published protocols (Wang et al. 2015; Sun et al. 2016) . The raw reads from the Ribo-Seq were processed by removing the terminal polyA sequences and then selecting reads ranging from 16 to 35 bp long. The rRNA sequences were next removed using bowtie (Langmead 2010) . The rest of the reads were aligned to the S. cerevisiae genome with the criteria of less than two mismatches. Quantification of gene transcription and translation was performed by the DESeq package (Anders and Huber 2010) . Translation Efficiency (TE) was calculated from the RFP/mRNA. The P value was adjusted by the BenjaminiHochberg method to control the false discovery rate (FDR). The criteria of adjusted P ≤ 0.05 and |log2 (fold change)| ≥ 1 were used throughout the paper.
Gene ontology (GO) enrichment analysis and statistics
The Gene Ontology (GO) analysis was performed using the online software Gene Ontology Term Finder (http://www. yeast genom e.org/cgi-bin/GO/goTer mFind er.pl). GO Term Finder calculates a P value using the hypergeometric distribution. We used a P value cut off of 0.01 to define statistical enrichment. The whole gene list of budding yeast (7164 genes in total) was used as the background set. The list of genes with significantly changed TE was used as the query set.
Protein-protein interaction analysis
A protein-protein interaction (PPI) analysis was conducted using the web version of STRING 10.0 (available at http:// strin gdb.org/) (Szklarczyk et al. 2015) . The database was searched using gene names discussed in the text. The search was performed by setting the confidence score ≥ 0.4 as the threshold (which was reported before as the medium confidence range von Mering et al. 2005) . The edges in the network represent protein-protein interactions reported in the database using experimental evidence or predicted by the algorithm of STRING 9.1 (Franceschini et al. 2013) . The software chose a random background model that preserves the degree distribution of the tested proteins in a given list, and tested the significance of the observed PPI. The detailed computational procedures have been reported in previous literature (Maslov and Sneppen 2002) .
Data access
All raw RNA-Seq AND Ribo-Seq data have been submitted to the Sequence Read Archive of NCBI. The accession numbers are SRR1177847-SRR1177850, SRR5483532-SRR5483533 and SRR5483539.
